Optimal dietary methionine (Met) to lysine (Lys) ratio in presence of elevated dietary cysteine (Cys) levels was derived for meat type growing chicken. Twelve averaged weighed Ross 308 birds (each 50% of male and female per dietary treatment) were utilized in N balance trials. During starter (d10 -20) and grower period (d25 -35) five dietary treatments were used. Diets based on uniform mixtures of maize, wheat, soybean meal, potato protein and fish meal were supplemented with crystalline amino acids (AA). In diets 1 -3, the dietary Cys to Met ratio was set as 85, 95 and 105 to 100, respectively. Diet 4, at a Cys to Met ratio of 105 to 100, was additionally supplemented with betaine (BET) as methyl group donor. Diets 1 -4 were limiting in Met, diet 5 without L-Lys•HCl addition was limiting in Lys. Individual N-balance data per treatment were utilized for assessing protein quality and efficiency of dietary Met (Diets 1 -4) or Lys (Diet 5) based on "Goettingen approach". Elevated dietary Cys supply and supplemented BET failed to improve both dietary protein quality and Met efficiency. The established optimal Met to Lys ratio was on average 34 to 100 for growing chicken during starter and grower period, respectively.
Introduction
In a series of experiments the application of ideal protein concepts provided a considerable impact on efficacy of protein utilization, growth performance and carcass yields in growing chicken [1] - [8] and recommendations are available about the expected ideal amino acid ratio (IAAR) in diets of meat type chicken as summarized by Wecke and Liebert [8] . Currently, there are indications that optimal ratios of individual AAs related to lysine might change depending on age period, feed protein source and dietary AA efficiency [7] - [11] .
In addition to be part of body protein synthesis, sulfur containing amino acids (SAA) play a very important role in different metabolic processes in growing animals [12] [13] . Consequently, recommended optimal SAA to Lys ratios are currently not conclusive. Opposite to starter chicken with a SAA to Lys ratio between 71 and 72 to 100 [14] - [16] , during grower period ratios between 69 and 75 to 100 are reported [14] - [19] . However, higher proportions of minimum 77 [20] or 82 [21] of total SAA as related to Lys were proposed, especially when feed efficiency and carcass yield were the reference criterion. Even the recommendations of both NRC [22] and GRRS [23] varied from 71 to 100 vs. 82 to 100 for starter and 87 to 100 vs. 72 to 100 for grower chicken, respectively. Based on 24 reports, Wecke and Liebert [8] summarized 74 ± 2 to 100 as optimal SAA to Lys ratio, whereby 40 ± 4 to 100 counted as optimal for Met to Lys. Actual studies assessing these IAARs and taking into account varying dietary Cys supply are scarce and inconclusive. It is indicated by Dilger and Baker [24] and observations of Liebert et al. [25] that dietary Cys concentration has influence on efficiency of Met utilization in chicks. In addition, the question arises if Met efficiency could be further improved by minimizing its metabolic utilization as donor of methyl groups. Several betaine (BET) supplementation studies provide support for this assumption [26] - [30] . Accordingly, the current experiments aimed to measure the dietary Met efficiency both at graded dietary Cys:Met ratios and supplemented BET to re-evaluate the optimal Met:Lys ratio for growing chicken based on further applications of the "Goettingen approach" [31] .
Materials and Methods
The experiments were conducted at the Division Animal Nutrition Physiology of Georg-August-University Goettingen, approved by the Animal Welfare Law Committee of Lower Saxony, Germany.
Stock and Husbandry
One day old growing meat type chicken (Ross 308) were obtained from a commercial hatchery and kept on wood shavings in a floor pen under standard feeding and management conditions up to the start of experiments. Sixty (starter period, d10 -20) and sixty (grower period, d25 -35) averaged weighed birds (males and females mixed 1:1) were utilized in N balance trials. During balance experiments, the birds were individually housed in metabolic cages but adapted to the floor size for starter (25 × 30 cm) and grower period (80 × 80 cm), respectively. Each metabolic cage was equipped with a wire floor, individual feeder and automatic drinking system. Housing temperature was maintained at 30˚C -27˚C within the starter and at 24˚C -20˚C in the grower period. Monochromatic (red) light was provided for 23 hours daily.
Diets and Feeding
Birds were randomly allotted to 5 pelleted diets both during starter and grower period with 6 replicates per diet and gender. Diets were formulated with the objective to ensure a constant ratio of maize, wheat, soybean meal, potato protein and fish meal, respectively ( Table 1) . According to age dependent requirements, the energy and CP content of the experimental diets was adapted. Diet 1 provided the basal ratio with Cys supply at 46% of the SAA which was gradually enhanced up to 51% (diet 3). At this level of Cys supply, 1 g/kg BET was added (diet 4). Diet 5 was formulated to create Lys as the limiting AA by deletion of L-Lys·HCl. Diet 5 was needed to measure the Lys efficiency as reference AA for further conclusions about the optimal Met:Lys ratio. Analysed composition of all experimental diets is summarized in Table 2 .
Collection and Sampling
N balance studies were divided into an adaptation period (5 d) and 2 consecutive collecting periods (each 5 d) according to the procedure of Pastor et al. [7] . At start of the adaptation period, the feed supply was ad libitum to estimate the proper level of individual feed intake under housing conditions in metabolic cages. The individual feed supply was kept constant from day 3 of the adaptation period, slightly adapted during the first two days of the collecting periods and kept constant again up to the end of the collecting period. Excreta collection was conducted 2 times a day to prevent ammonia losses from un-acidified excreta. Excreta samples were immediately frozen and stored at −20˚C until further analysis.
Laboratory Analysis
Dietary ingredients, experimental diets and excreta were analyzed according to the German standards [33] . The N content was quantified due to the Dumas method (Leco ® LP-2000, Leco Instrument GmbH, Kirchheim, Germany) and CP was calculated with factor 6.25. AA composition of the protein sources were analyzed by ion-exchange chromatography (Biochrom ® 30, Biochrom Ltd. Cambridge, England) following acid hydrolysis without and with an oxidation step for quantitative determination of SAA. According to the German standards, ether extract was analyzed following HCl hydrolysis of the feed samples.
Model Application and Statistics
The data analysis by "Goettingen approach" utilized principles of an exponential N utilization model as currently summarized by Liebert [31] . The approach makes use of following basic equations: According to Samadi and Liebert [9] , this study utilized a mean value of NMR (221 mg/BW kg 0.67 ) for both experimental periods. In addition, an averaged NR max T for the starter (3884 mg/BW kg 0.67 ) and the grower period (2972 mg/BW kg 0.67 ) was applied as model parameter. Based on individual NI and NR data, the protein quality parameter b was calculated by Equation (3):
The model parameter b linearly depends on the concentration (c; g/16gN) of the limiting AA (LAA) in the corresponding feed protein and the slope (bc −1 ) is utilized as expression of AA efficiency as reported earlier [9] [31] [34] . The AA efficiency (bc −1 ) summarizes both digestibility and post absorptive utilization of the LAA under study. The order of observed bc −1 data from individual AA is indirectly correlated to the physiological requirement per unit protein deposition. According to [9] , the reciprocal relationship between Lys efficiency (as reference AA) and the observed efficiency of the individual LAA under study is utilized to derive optimal dietary AA ratios (IAAR) as currently reported [7] [8]:
Statistical analyses run with SPSS software package (Version 22 for Windows; SPSS Inc., IBM, Chicago, IL). One way analysis of variance (ANOVA) was performed to compare means of primary N balance data and model parameters for each diet and balance period. To verify the variance homogeneity and identification of significant differences (p ≤ 0.05) the Games-Howell and Tukey tests were applied.
Results

N Balance Data
In the starter period (Table 3 ), significant differences (p < 0.05) between dietary treatments were not observed. Accordingly, mean body weight (BW), dry matter intake (DMI), nitrogen intake (NI), nitrogen excretion (NEX) and nitrogen deposition (ND) data were not dependent on the diet under study. The grower period ( Table 4) yielded similar observations. The decline of NEX in birds fed diets 3 and 5 was attributed only to the lower NI.
Model Parameters and IAAR
According to the observed ND data, model parameter b indicated no significant response on dietary protein quality during the starter period ( Table 5 ). The yielded Met efficiency data (bc Met −1 ) were not significantly improved both by increased Cys supply and supplementation of BET (diet 4). As expected, the excessive Met supply in Table 3 . Summarized results of the N balance experiments during starter period (d10 -20) 1 . the Lys limiting diet 5 ( Table 2 ) led to a significant decline (p < 0.05) of Met efficiency. Accordingly, the Lys efficiency in diet 5 was significantly higher and indicating the limiting position of Lys which was needed as reference AA for assessing the IAAR. Based on AA efficiency data, during starter period the optimal Met to Lys ratio was observed between 33and 34 percent of the Lys supply.
In the grower period, diets 1 -4 also yielded no significant effect (p > 0.05) on dietary protein quality (model parameter b). However, a trend of increasing dietary protein quality was indicated when the dietary Cys supply was elevated. This tendency gives some support to a higher demand for Cys during grower period. Accordingly, the dietary Met efficiency also tended to be improved with increasing Cys supply. Supplemented BET yielded no additional effect both on protein quality and Met efficiency. As expected, the Lys efficiency with diet 5 was significantly improved (p < 0.05) indicating the limiting position of Lys supply when crystalline Lys was deleted from the diet ( Table 1 ). The derived optimal Met to Lys ratio corresponding to the grower diets 1 -4 was 35, 34, 32 and 32 to 100, respectively.
Discussion
According to principles of the AA dilution technique, the dietary AA efficiency of the individual LAA can be directly measured by response on observed N balance data, when introduced into physiological based modeling procedures. In addition, the model parameters of observed dietary AA efficiency are validated to be used for assessing optimal dietary AA ratios [7] - [9] [31] by application of equation (4). Unfortunately, literature data provide no validated information about the extent to which Cys should contribute to the total SAA supply in growing chicken depending on age. Based on current applications, the results during the starter period indicate no pronounced effect on protein utilization when the Cys to Met ratio in Met limiting diets varied between 85 and 105 to 100 (corresponding to 46 and 51 percent Cys related to total SAA supply). This observation was in line with results of Liebert et al. [25] .
Experiments with L-Cys supplementations to SAA limiting starter diets (Cys to Met ratio equal or slightly higher) failed to respond significantly both on growth data and feed efficiency [35] . Moran [36] observed no effect on chicken growth (0 -14 d) in two experiments with corn-soybean meal diets when the dietary Cys supply ranged between 40 and 51 percent of the total SAA supply. However, feed efficiency was significantly improved at the highest level of Cys supply. Similar results were reported by Beck et al. [37] following Cys supplementations to starter diets up to 47% of the total SAA supply. In contrast, several reports [24] [38]- [40] demonstrated negative effects both on growth data and feed efficiency during week 1 to 3 posthatch when Cys contributed more than 60% and up to 77% of total SAA supply. Depressed feed intake was a primary factor for these observations [24] . Markedly reduced feed intake was also reported when Cys free or low Cys diets were fed during second and third week of age [41] [42] .
For starter chicken, the optimal Cys contribution to SAA supply depending on diet composition (purified AA or practical type diets) and reference criterion (BW gain, feed efficiency or body protein deposition) was found to be between 48% and 58% [38] , at 54% [43] or between 56% and 60% [44] .
In agreement with early research of Graber et al. [44] and Moran [36] , the effect of an elevated Cys to Met ratio was more obvious in the grower period of our current study. Our previous experiment [25] yielded a higher Met efficiency following Cys supplementation indicating a higher need for Cys due to increased feather plumage of older birds. The synthesis of keratoid tissues, the major feather protein, elevates the relative importance of Cys within the SAA supply [36] [45]- [47] . However, each increment in Cys supply demands an equal increment of Met in the diet [48] . Based on observations of Graber et al. [44] with crystalline AA diets, the Cys requirement of chicken increases from 0.34% to 0.44% of the diet during the 2 nd and 8 th weeks of life. Accordingly, the relative contribution of Cys to the total SAA increased from 56% to 67% when BW gain or from 60% to 70% when gain/feed ratio were used as reference criterions. Adding Cys up to 55% of total SAA in finishing diets (33 -44 d) increased the quantity of feathers as compared to diets with 42% or 49% Cys of total SAA [36] . Between 4 to 6 weeks post hatching, on digestible AA basis Cys may contribute up to 52% of the total SAA supply [18] . Kalinowski et al. [47] concluded only 44% and 47% Cys as adequate proportion of the SAA need for slow-and fast-feathering 3 to 6 weeks old broilers. In contrast, Wheeler and Latshaw [43] mentioned that Cys at 38% to 43% of the SAA is adequate in the grower period (21 -42 d) , indicating a lower replacement value for Met as compared to the starter period (54%).
BET supplementation to Cys and choline enriched diet 4 did not respond on protein quality and Met efficiency. This observation is in line with several reports [49] - [55] . They observed no significant effect of added BET on growth of chicken when supplemented to marginally Met deficient and methyl donor-adequate diets, even when dietary choline supply was reduced [56] [57] .
Currently observed Met efficiency data provided an IAAR for Met to Lys between 32 and 35 to 100 in diets for both of the age periods ( Table 5 ). An averaged dietary Met proportion of 34% as compared to Lys (100%) for growing chicken is concluded from experimental data of diets 1 -3. This Met to Lys ratio is lower than the mean ratio (40 ± 4 to 100) as derived from literature data and experimental results [8] [11] [16] . In previous studies with semi-synthetic diets, an optimal Met to Lys ratio of 36 to 100 was concluded for both age periods [14] [17] . Accordingly, Met to Lys ratios between 35:100 and 38:100 were reported to be adequate for maximal growth performance during both age periods [15] [23] [58] . In contrast, also higher recommendations of dietary Met to Lys ratios from 47 -48 to 100 for 3 to 16 days old chicken are reported [59] . Furthermore, NRC [22] recommends a Met to Lys ratio of 45:100 for the starter, but only 38:100 for the grower chicken.
Several factors may impact on the observed disharmony between both the recommended dietary Cys to Met and Met to Lys ratio for growing chicken. According to Baker et al. [18] , Kalinowski et al. [46] and Baker [60] , a series of factors may overlay evaluating of the ideal ratios between these AAs. Especially, the applied experimental approach must be taken into account. Coon [15] observed different IAARs dependent on reference criterion and method of regression analysis. Broken line and exponential regression analysis yielded Met to Lys ratio of 36 to 100 both for BW gain and feed efficiency, but uric acid excretion as reference criterion resulted in a ratio of 32 to 100. Otherwise, a higher Met to Lys ratio (44 to 100) was concluded when polynomial regression analysis utilized nitrogen or AA accretion as reference criterion. Application of physiological based new procedures like "Goettingen approach" might contribute to more validated recommendations in the future. However, the variation of dietary AA efficiency resulting from varying ingredient composition of experimental diets remains an important factor of influence, even if sophisticated approaches are applied.
Conclusions
In conclusion, the reported studies based on data evaluation by "Goettingen approach" demonstrate, that elevated Cys supply between 85 and 105 percent of Met supply failed to improve both dietary protein quality and Met efficiency in starter diets for meat type chicken. In grower diets, a trend of improved protein quality and Met efficiency was observed, indicating higher nutritional importance of Cys supply in older chicken. The optimal dietary ratio of Met to Lys of 34 to 100 as concluded for both of the age periods ranks within the lower ratios reported in the literature. Supplemented betaine yielded no additional effect of the observed parameters of protein quality and AA efficiency, respectively.
The high variation of recommendations to meet the SAA needs in meat type chicken requires more investigations, but also more standardized experimental conditions for more validated conclusions.
